Abstract. Actions of cytochalasin B (CB) on cytoskeletons and motility of growth cones from cultured Aplysia neurons were studied using a rapid flow perfusion chamber and digital video light microscopy. Living growth cones were observed using differential interference contrast optics and were also fixed at various time points to assay actin filament (F-actin) and microtubule distributions. Treatment with CB reversibly blocked motility and eliminated most of the phalloidin-stainable F-actin from the leading lamella.
F-actin took two forms: a coarse isotropic matrix of F-actin bundles throughout the lamella, and a denser matrix along the peripheral margin. The denser peripheral matrix then expanded in width, extending centrally to replace the coarse matrix at rates again between 3-6 lxm/min. These results suggest that actin normally polymerizes at the leading edge and then flows rearward at a rate between 3-6 ~tm/min.
CB treatment was also observed to alter the distribution of microtubules, assayed by antitubulin antibody staining. Normally, microtubules are restricted to the neurite shaft and a central growth cone domain. Within ~5 min after CB application, however, microtubules began extending into the lamellar region, often reaching the peripheral margin. Upon removal of CB, the microtubules were restored to their former central localization. The timing of these microtubule redistributions is consistent with their being, secondary to effects of CB on lameUar F-actin.
URING neuronal development, growth cones guide growing neurites to their appropriate target site (24, 27) . Growth cones are also the direct precursors to synaptic and neurosecretory terminals, undergoing dramatic structural changes upon target recognition; i.e., actin-based motility of lamellae ceases and specialized neurosecretory release sites are organized. Through this differentiation process, the growth cone is transformed into a relatively stable terminal capable of stimulus-evoked chemical signaling. What cytoskeletal rearrangements take place in the growth cone to transform this motile guidance system into a stable signaling device? We have examined the behavior of actin filaments and their interactions with microtubules in live neuronal growth cones as an experimental foundation for approaching this question.
Growth cones are spatially segregated into two distinct cytoplasmic domains, each characterized by a different form of motility. The central cytoplasmic domain, rich in organelles such as mitochondria and secretory granules, is characterized by directed organelle transport along microtubules. The peripheral (lamellar) cytoplasmic domain contains a dense actin network (28, 47) that excludes organelles. Growth cone lamellae in vitro exhibit two forms of motility: protrusive activity and ruffling. Lamellar ruffling is a characteristic feature of the leading edge of many motile cells (1, 14, 20, 39) and when observed in growth cones with time-lapse video recording, it takes the form of organized retrograde waves (17) . These waves originate along the leading edge of the lamella and move centripetally at rates of 3-6 ~tm/min.
In a previous report we presented evidence that cAMP may be involved in regulation of growth cone structure (17) . We found that elevation of cAMP inhibited the actin-based lamellar ruffling waves and resulted in extension of directed organelle transport into the formerly organelle-free lamellar region. These results suggested the possibility that peripheral actin networks might be an important factor in determining the spatial distribution of both organelle transport and microtubules.
In the present work, we have used cytochalasins to directly examine the consequences of disrupting actin networks on growth cone structure and motility. Cytochalasins are wellcharacterized fungal metabolites that inhibit actin polymerization by capping the barbed end of actin filaments (7, 10, 13, 15, 18, 30, 31, 33) , and that may also have other disruptive effects on actin filament networks (19, 35, 46) . These agents are of physiological interest because they may act in a manner analogous to endogenous actin-capping proteins which have been the object of recent intense study (6, 11, 22, 25, 40) .
Our observations of eytochalasin actions suggest that ongoing actin polymerization along the distal growth cone border is essential for protrusive activity and the generation of retrograde ruffling waves. In addition, cytochalasin treatments promoted microtubule extension accompanied by a distal spread of directed organelle transport. These findings suggest that actin filaments may also play an important role in determining the spatial distribution of microtubules and their associated transport functions.
Materials and Methods

Cell Culture
Laboratory reared Aplysia californica were provided by the Howard Hughes Medical Institute Marine Mariculture Facility at Woods Hole, MA. Dissociated bag cell neurons were plated on poly-D-lysine-coated coverslips in serum-free L-15 medium supplemented with seawater salts as previously described (17) . Cells were then typically exposed to 0.5% FCS for 12-18 h before experimentation.
Video-Light Microscopy and Image Processing
An inverted microscope (model IM-35; Carl Zeiss, Inc., Thornwood, NY) set up for both differential interference contrast (DIC) I and fluorescence observation was used. The microscope was equipped with a 63x/1.4 NA Planapo objective, 1.4 NA oil immersion and 0.63 NA condensers, and fluorescence filter sets appropriate for selective observation of double labeling with rhodamine and fluorescein. Both Newvicon-and silicon-intensifted target (SIT) tube type video cameras (model C2400; Hamamatsu Corp., Middlesex, NJ) were used to generate video signals which were processed with a digital image processor (Series 151; Imaging Technology Inc., Woburn, MA) controlled by an IBM PC-AT host computer. DIC images were processed to eliminate background mottle and shading by digitally subtracting an out-of-focus reference frame from the frame(s) of interest and sometimes by temporally averaging as well (2, 21) . Low light level images of fluorescent probe distributions were obtained by integrating up to 256 video frames from the SIT camera. The SIT camera was used for both DIC and fluorescent probe observation when it was necessary to obtain a perfect correlation of structures observed in living growth cones with fluorescent labeling after fixation. This obviated the need to make difficult comparisons of images obtained from two different video cameras.
Image processing was accomplished using programs developed in this laboratury combined with commercially available function libraries and applications programs (Itex 151; Imaging Technology Inc. and Halo, Imagepro; Media Cybernetics, Silver Springs, MD). F-actin-microtubule composite images were made by digitally superimposing in two colors two different images generated from F-actin and microtubule fluorescence. Microtubule fluorescence image contrast was digitally enhanced by a single passage through a 3 x 3 pixel high pass convolution filter.
Experimental Treatments
Cells were mounted in double cover slip chambers (as previously described in reference 17) and constantly perfused at room temperature with artificial seawater (ASW) solution. ASW contained 400 mM NaC1, 10 rnM KCI, 55 mM MgC12, 10 mM CaCI2, 15 mM Na-Hepes, pH 7.6. After equilibration in ASW, cells were treated with cytochalasin B (CB) or cytochalasin D 1. Abbreviations used in this paper: ASW, artificial seawater; CB, cytochalasin B; DIC, differential interference contrast; SIT, silicon-intensified target.
(Sigma Chemical Co., St. Louis, MO) and then fixed, permeabilized, and stained for the presence of F-actin and microtubules as described below. The fixation process was monitored by video microscopy at high magnification to enable optimization of fixation and permeabilization protocols for preservation of fine growth cone structure.
Fluorescent Labeling
The fixation buffer contained ASW with 4% formaldehyde and 400 mM sucrose added, pH 7.6. After fixation, cells were permeabilized for 2-5 min in fixation buffer plus 0.2 % Triton-100, washed with PBS, and stained with rhodamine-phalloidin in PBS (Molecular Probes Inc., Eugene, OR). Cells were then washed with PBS, exposed to 10% normal goat serum-PBS followed by polyclonal rabbit antitubulin antibody (ICN Biochemicals, Inc., Lisle, IL), washed again with PBS, followed by 10% goat serum-PBS, exposed to FITC-conjugated goat anti-rabbit secondary antibody (Boehringer Mannheim Diagnostics, Inc., Indianapolis, IN), washed with PBS, transferred to a mounting solution (PBS supplemented with 20 mM N-propyl gallate [Sigma Chemical Co.] and 20% glycerol) and examined immediately for fluorescent staining. In control experiments where the tubulin primary antibody was omitted or cells were incubated with unlabeled phalloidin before exposure to fluorescent probes, there was little or no labeling observed.
Results
Normal Growth Cone Motility
Aplysia bag cell neuron growth cones display prominent and complex motility in their peripheral lamellar domains when observed using video-enhanced DIC time-lapse microscopy (17) . One component of this motility takes the form of visible waves which originate along the distal margins of lamellae and move centripetally at rates of 3-6 ~tm/min. Because of their apparent direction of propagation, we refer to this form of lamellar motility as retrograde waves. Fig. 1 illustrates examples of retrograde waves in growth cones under control conditions. A subarea was chosen for analysis in each growth cone (black rectangle in Fig. 1 a) .
Then a digital movie was made of each subarea using a 5-s interframe recording interval. The movie frames are displayed in a sequential video montage beneath the growth cone ( Fig. 1 b) . Retrograde waves appear as diagonal band patterns across the montage. Wave velocities can be calculated directly from the slope of the wave bands (4.0 lim/min for Fig. 1 b) .
Under control conditions there is a clear demarcation between central and peripheral growth cone domains. Central domains are characterized by rapid directed transport of highly visible organelles, mainly 150-200-nm-diam neurosecretory granules and mitochondria (17) . In contrast, peripheral domains (lamellae) have very low organelle density. The region of the growth cone comprising the central-peripheral interface where transported organelles meet retrograde waves will be referred to here as the transition zone (arrowheads, Fig. 1 a) .
Bag cell growth cones plated in the absence of serum on poly-D-lysine substrates have a broad two-dimensional geometry with lamella ranging from 20-70 llm in width. This fiat geometry is probably due to tight adherence to the poly-D-lysine substrate under serum-free plating conditions. High growth cone adhesivity was essential for this study because it prevented membrane detachment during prolonged CB exposures allowing careful analysis of drug-induced structural changes. Note that the growth cone extension rates we observe (4-10 ~tm/h) are somewhat slower than those typically observed in vertebrate growth cones Ixm/h; reference 3). This may be due to nonspecific adhesive properties of poly-D-lysine, since Aplysia growth cones plated on a more physiological substrate (laminin) appear to have faster extension rates (unpublished observations).
Normal F-Actin and Microtubule Domains
To correlate the motility patterns described above with underlying cytoskeletal elements, growth cones were fixed, permeabilized, and then stained with fluorescent probes for F-actin and tubulin. Under control conditions, F-actin labeling was concentrated in the peripheral growth cone domain (Figs. 2 c and 3). Patches of intense but diffuse phalloidin staining which probably correspond to areas of relatively random filament orientation were often observed in the transition zone ( Fig.  2 c, arrow) . Radial actin bundles aligned with filopodia project centrally from the lamdlar border of motile growth cones. Alignment of actin bundles with filopodia can be seen most clearly in Fig. 3 c (arrow) . These linear bundles have their proximal termination in the transition zone where they overlap with microtubule ends. Radial bundles appeared randomly bent for 2-5 I.tm in this region (Fig. 3 , a and b, arrows). It may be noteworthy that the proximal border of intense F-actin staining coincides with the extreme boundary of observable organdie transport, suggesting that intact actin networks may play a role in determining organdie transport domains as will be considered below.
Arrays of aligned microtubules were always found in the central domain characterized by organdie transport (Fig. 2 d, asterisks mark leading edge of growth cone). In highly motile growth cones, most microtubules appeared to terminate in the transition zone mentioned above. Microtubule density fell off rapidly as the axial microtubule mass splayed out distally and individual microtubules or bundles could then be clearly resolved ( Fig. 2 d, arrowhead) . A few microtubules in a growth cone were usually observed to extend beyond the transition zone, sometimes extending to the distal growth cone margin. It should be stressed, however, that microtubule density observed in lamdlae is extremely low relative to that observed in central domains. Also, although occasional microtubule ends extended into the transition zone, directed organdie transport was not observed beyond the proximal transition zone boundary.
To illustrate the differing spatial distributions of these two cytoskeletal dements, F-actin and microtubule images from both fluorescent probes were digitally superimposed (Fig. 9  a) . Red codes for microtubules and blue for F-actin. Regions of overlap appear pink. Note that the tubulin antibody labels the axonal process running down the right side of the feld (Fig. 9 a) which is essentially devoid of F-actin, and also that microtubules are restricted mainly to the central growth cone domain.
CB Effects on Growth Cone Motility
Figs. 4 and 5 illustrate the effects of CB on growth cone structure. In parallel with these structural effects, exposure to 0.1-10 ttM CB resulted in rapid inhibition of larnellar retrograde waves and protrusive activity in lamellae and filopodia. CB effects on both structure and motility were totally reversible and occurred in a repeatable and highly stereotyped fashion. The effects reported here are representative of the effects of CB observed in >100 experiments. . Recession rates were 3.5 + 0.5 ~tm/min (at t/> 90%) in 5-10 gM CB; note that these rates are similar to the propagation rates of retrograde waves described above. Recession rates were not significantly different between 5 and 10 ltM CB. The presence or absence of retrograde movement observed in time-lapse video at a given point on the lamella was correlated with the presence or absence of actin networks at that point. After 5 min in CB, lamellar motility was always totally inhibited due to complete recession of peripheral actin networks into the central growth cone domain. Filopodial and lamellar protrusive activity and lateral filopodial movements were absent after 1-2 min exposure to CB and after 3-5 min in CB filopodia had usually retracted.
After 4-5 min in CB, directed organdie transport was observed to spread distally into the growth cone periphery. After 20-30 min in CB, organdies were often observed being transported in both directions along clearly discernible linear elements to the distal margin of the growth cone (Fig. 4  c, open arrows) . In these growth cones this amounts to extension of the central domain by [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] I~m at a rate of ,x,1 tan/ rain.
In some cases, cytoplasmic elements which appeared to be microtubules were observed to extend at much more rapid rates (12-18 l~m/min). These elements were capable of rapid translocation and formed hairpin loops that would coil and uncoil in a snakelike fashion in the growth cone periphery. A motile hairpin loop is illustrated in Fig. 4 c (closed arrowhead) . Whether these loops represent individual microtubules or bundles, and whether extension results from polymerization or sliding has not been determined.
Removal of CB from the medium allowed rapid (5 rain) and complete recovery of growth cone motility and structure as illustrated in Fig. 4 d. Details of the effects of CB on growth cone motility are discussed next. Fig. 5 , a-e, shows a growth cone at higher magnification under control conditions and after 0.5, 1, 3, and 9 min in 10 ttm CB. Immediately after CB treatment, the distal edge of the receding lamellar cytoplasmic matrix is clearly observed (Fig. 5, b and c, arrowheads). After 3-9 rain in CB lamellar motility was blocked and there is no evidence of organized structure in the peripheral regions of the growth cone (Fig.  5, d and e). Note that after 9 rain of CB exposure (Fig. 5 e) , all of the filopodia in this growth cone have retracted. The randomly dispersed granular accumulations in the lamella (Fig. 5 e, arrows) will be shown to be aggregates of short actin filaments (see Fig. 7 e) . Directed organelle transport rates did not appear to be affected by CB treatments (2.5 and 2.6 ttm/s before and after CB, respectively). The arrowhead in Fig. 5 d points to an isolated organelle that was undergoing directed transport. After return to control solution, the first observable signs of recovery of lamellar actin structures were rapid formation of a coarse isotropic matrix in the growth cone periphery (Fig. 5 f, large arrows) accompanied by broadening and thickening of a dense actin matrix along the distal margin of the growth cone (Fig. 5 f, small arrowheads) . Note that coarse matrix interfilament focci often occur in register with the punctate F-actin aggregates evident in Fig. 5 
e (arrows).
Both actin matrices appeared to translocate centripetally; however, a distinct change in the newly formed actin structures occurred during the initial recovery phase. Centripetal movement of actin resulted in disappearance or replacement of the coarse proximal matrix structure evident in Fig. 5 f (large arrows) with the denser matrix that appeared to be organized at the distal growth cone margin. A concentric boundary line which moved centripetally at 3-6 ttm/min could be discerned between the coarse and dense actin matrices midway through the recovery process (Fig. 5 g, open arrows) .
Radially aligned actin bundles in register with newly formed filopodia appeared only after disappearance of the coarse actin matrix (Fig. 5 h, arrow) . Retrograde wave rates measured immediately after recovery (3.5 + 1.2 ~tm/min, t >t 90%) were comparable to lamellar recession rates induced by CB and retrograde waves in untreated growth cones (3.5 + 0.5 and 3-5 lam/min, respectively).
As a control for possible CB effects caused by alteration of hexose transport, experiments were performed using cytochalasin D (18, 31, 36) . Results similar to those described above were obtained with cytochalasin D; however, recovery from cytochalasin D was a slower process. CB was chosen for use in this study because of its ready reversibility.
F-Actin and Microtubule Distributions After Brief CB Exposure
Growth cones were treated with CB and fixed after 1-2 min of drug exposure when cytoplasmic recession was clearly evident along the distal growth cone border. F-actin and 
arrowheads) and microtubule bundles (d, arrowhead). (f-h) Recovery after 1-, 3-, and 17-min CB washout. Note that punctate actin aggregates in e (arrows), become interfilament foci in the isotropic actin webwork in f (arrows).
Arrowheads in f point to thickening along the distal growth cone margin. Proximal boundary of the advancing retrograde wave front is marked in g (arrows). Growth cone has sprouted filopodia in register with radial actin bundles after 17 min of recovery in ASW (h, arrow).
Bar, 5 gm. microtubule distributions were then determined to investigate the structural changes in lamellar actin networks and microtubules underlying this characteristic early response to CB. Fig. 6 , a and b, shows a growth cone in ASW and after 80 s in 5 ~tM CB-ASW immediately before fixation. In Fig. 6 b, a gap has formed along the distal growth cone margin (arrowheads) due to recession of what appears to be essentially intact lamellar actin networks in this video DIC image. Rhodamine-phalloidin labeling of the same field (Fig. 6 c) verifies this interpretation of the DIC image revealing the presence of organized actin filament networks separated from the distal growth cone margin by a 6-~tm gap. Note that apart from recession, actin network structure in briefly treated growth cones resemble controls and there is little or no evidence of random filament severing or disruption of radial actin organization in either Fig. 6 , e or c. A distinct bead of F-actin labeling remains along the growth cone margin (Fig.  7, c and e) . It will be shown below that a population of CBresistant filaments are localized here as labeling in this region persists even after prolonged CB exposure.
Microtubule distributions did not differ appreciably from controls in growth cones fixed after brief CB exposures. Microtubule distribution for the same field is shown in Fig.  6 d; the growth cone border is indicated by asterisks. F-actin and microtubule distributions from another field from the same experiment are illustrated in Fig. 6 , e and f Similar results were obtained using a CB-dose range from 2 to 10 ~tM.
F-Actin and Microtubule Distributions After Prolonged CB Exposure
Treatment with 1-10 ttM CB for I>5 min resulted in distal extension of the region of directed organelle transport beyond the original transition zone. Experiments were done to test whether extension of microtubules accompanied this CBinduced extension of directed organelle transport. Fig. 7 , a-d, shows a growth cone before and after 1.5, 5, and 30 min in 10 ttM CB. Exposure to CB for 30 min resulted in recession of the lameUar cytoplasm followed by distal advance of the organelle transport boundary at a net rate of ~1 lam/min. Microtubule immunofluorescence (Fig.  7 f ) confirmed that the extended transport substrates were indeed microtubules. Note that individual elements where isolated organelle movements could be easily observed correlate well with microtubule labeling (Fig. 8, d and f, arrowheads, respectively).
F-actin networks and radial filament bundles were completely eliminated (Fig. 7 e) after prolonged CB exposures. Rhodamine-phalloidin labeling after prolonged CB was restricted to randomly dispersed aggregates of short filaments similar to those reported by others (26, 45) , and a distinct bead of labeling along the distal growth cone margin. Chronic exposure to lower CB concentrations (>/1 ttM) had similar end effects on both F-actin and microtubule domains as higher CB doses.
Actin Polymerization During Recovery From CB
Examination of the initial phase of recovery from CB treatment (Fig. 5, f and g ), suggested that actin was being reassembled into a dense matrix along the leading edge of the growth cone and also into a coarse isotropic matrix in more proximal regions. Fig. 8 illustrates a growth cone fixed and probed with rhodamine-phalloidin during recovery from CB when both of these matrices were clearly present. Fig. 8 , a-c, shows the growth cone before CB treatment (Fig. 8 a) , after 95 s in CB (Fig. 8 b) , and immediately after return to control medium after a total of 155 s in CB (Fig. 8 c) . The arrow in Fig. 8 b points to the distal edge of receding F-actin. Note that lamellar actin networks were fully retracted when the growth cone was returned to control medium (Fig. 8 c) . After 65 s of recovery, a dense matrix of actin along the peripheral growth cone margin began to form (Fig. 8 d, arrowheads) and the first signs of the coarse isotropic actin matrix discussed above were visible (Fig. 8 d, open arrow) . 35 s later in the recovery, both matrices were clearly discernible (Fig. 8 e) . At this time point the growth cone was fixed and probed for F-actin with rhodamine-phalloidin (Fig. 8 f ) .
F-actin was concentrated in a band along the growth cone periphery that corresponds to the dense matrix described above (Fig. 8 f, arrowheads) . The coarse matrix proximal to the dense recovery front is also labeled (Fig. 8 f, open arrow) .
The intensity of F-actin labeling in this region was always lower than that observed along the leading edge.
The density of F-actin labeling observed in the central cytoplasmic domains of growth cones was variable; labeling in this region in Fig. 8 fprobably reflects the presence of less CB-sensitive actin networks that were not significantly dis- rupted by the short (155 s) CB exposure. The hot spot in the transition zone in Fig. 8 f i s also observed under control conditions (cf. Fig. 2 c) and in growth cones after relatively brief CB exposure (cf. Fig. 6, c-e) , and is likely due to the presence of randomly oriented filaments here as discussed above.
F-Actin and Microtubule Distributions After Recovery From CB
The DIC image sequences in Figs. 4 and 5 illustrate that the changes in growth cone structure induced by CB appear to be fully reversible. To assess whether in fact both F-actin and microtubule structures returned to control configurations after exposure to CB, growth cones were treated with CB for 30 min to permit microtubule extension, allowed to recover for 20 min in ASW, and then examined for F-actin and microtubule distributions.
Spatial distributions of F-actin amd microtubules after recovery from CB (Fig. 9 b) were similar to those observed Figure 9 . Digital superimposition of F-actin and micmtubule spatial domains under control conditions (a) and after recovery from a 30-min exposure to CB (b). An axonal process runs along right side of field in a. SIT camera images of F-actin and microtubule distributions were digitally superimposed to create these composite images. Red, micmtubules; blue, F-actin. Pink areas denote overlap of microtubule and F-actin domains in the transition zone. Bar, 5 gm. in untreated controls (Fig. 9 a) as anticipated from the DIC images. Microtubules receded from the distal growth cone margin showing that CB-induced microtubule extension is a reversible process.
Discussion
Cytochalasins have profound yet entirely reversible effects on growth cone structure and motility (29, 34, 47, 50) . In this report, we have examined the effects of cytochalasins on the very large growth cones that terminate Aplysia bag cell neurites growing in vitro. Using high resolution digital video microscopy techniques, we have obtained evidence that lamellar motility depends on continuous actin polymerization along the leading edge of the growth cone and also that the actin filament network state may be important in determining microtubule spatial distributions. The effects of CB on actin and microtubule distributions are treated separately below.
An Actin Cycle in Growth Cones
We propose that the waves we observe in time-lapse video result from the retrograde flow of F-actin networks assembled at the distal growth cone margin. This putative actin flow is sustained by ongoing actin polymerization and network assembly at the leading edge of the growth cone and network disassembly and depolymerization in the central transition zone. A local actin cycle is necessary to support such a flow model; the retrograde flow of cortical F-actin networks being balanced by an approximately equal anterograde diffusion or other flux of actin monomers. An actin cycle of this type has recently been proposed as a general concept for understanding cell surface motility and locomotion in animal cells (9) .
We interpret the initial effects of CB (i.e., recession of lamellar actin networks) to be the direct result of barbed-end actin filament capping and the resultant inhibition of actin filament elongation along the distal growth cone margin. Filament capping immediately after CB treatment probably causes the abrupt cutoff of actin network assembly that is clearly captured in Figs. 4 b; 5 c; and 6, b and c. It is interesting to note that these acutely "capped" actin networks recede steadily at rates comparable to control wave rates (3-8 lxm/ min) suggesting that actin translocation itself does not depend on distal actin polymerization for motive force.
Other possible explanations for the abrupt loss of distal actin networks we observe after CB treatment might include: cytoplasmic actin network contraction and distal actin network disassembly. Examination of both DIC and rhodamine-phalloidin labeling patterns in acutely treated growth cones (Fig. 6 ) suggest these alternative explanations are unlikely. Distortion of F-actin labeling patterns would be expected if the distal networks were undergoing contraction (shrinkage). In fact, apart from the obvious recession from the leading edge, lamellar actin patterns after brief CB exposure resemble controls, suggesting that distal actin networks recede as a relatively unperturbed unit mass. There is little evidence of filament disruption along the distal edge of the receding F-actin mass as would be expected if network disassembly or filament severing were taking place here and the radial alignment of actin bundles characteristic of lamellar actin networks under control conditions appears unperturbed (Fig. 6, c and e) . These observations support the hypothesis that the initial effects of CB result primarily from actin filament capping along the distal growth cone margin and not from other disruPtive effects. Actin depolymerization mechanisms are unlikely because depolymerization is not among the well-characterized actions of CB (7, 10, 13, 15, 19, 30, 33, 35, 46) .
Recovery of normal lamellar motility and actin structure after CB treatments occurred preferentially along the leading growth cone edge where a dense actin matrix formed and subsequently expanded centripetally during the recovery process (Fig. 8) . A similar pattern of actin network reconstitution has been observed in fibroblasts recovering from treatment with metabolic inhibitors (43) . The pattern of events accompanying recovery of actin polymerization in both growth cones and fibroblasts then suggests that preferential actin polymerization and network assembly occurs along lamellar borders.
What is the origin and significance of the"coarse" isotropic actin matrix we observe forming in proximal regions of the growth cone during the initial phase of recovery from CB? When CB dissociates from an actin filament during washout, the barbed end can act as a nucleation site or may anneal with another short filament to form a longer one. Many short actin filaments are likely to be present in the aggregates of F-actin randomly distributed throughout the lamellar region after CB treatment (see Fig. 7 e; reference 45). The coarse matrix is observed to form with actin aggregates as interfilament foci (Fig. 5 , e and f, arrows) which appear to shrink as the coarse matrix forms, suggesting that they may act as actin reservoirs for coarse matrix assembly. Note that the coarse matrix undergoes retrograde translocation until it is replaced by the flow of dense matrix assembled at the leading edge of the growth cone. Retrograde translocation of both coarse and dense actin matrices suggests then that actin filament assembly at the leading edge is not a necessary prerequisite for translocation. Possible mechanisms for actin translocation are considered further below.
The persistent CB-resistant bead of rhodamine-phalloidin labeling along the distal growth cone margin suggests that a population of stable actin oligomers may be localized here (Figs. 6, c and e; 7 e). These oligomers may act as actin nucleation sites for the preferential actin assembly that appears to occur here under control conditions. An analogous situation may exist in both erythrocytes and in brain where F-actin is bound in ternary complexes of actin oligomer, spectrin (fodrin), and band 4.1. These complexes are thought to mediate membrane-actin associations through interaction with membrane protein band 3 (16, see reference 12 for related review).
Previous studies on membrane-cytoskeleton interactions in nonmuscle cells have shown that actin filaments are often oriented with their barbed ends toward membrane attachment sites and also that actin filaments elongate from their membrane-associated ends (37, 38, 44) . Assuming for the moment a barbed-end distal actin polarity, F-actin interactions with fixed (stationary relative to the substrate) nonmuscle myosin motors could account for the retrograde actin translocation we observe in growth cones. Two intriguing but as yet unanswered mechanistic questions concern: (a) the identity of the putative actin binding mechanochemical motor; and (b) its localization. Motor molecule localization is important when considering the forces underlying actin network movement. For example, a "pull" mechanism predicts proximal localization of the mechanochemical motors (probably in the transition zone) to reel in distally generated actin networks; conversely, a homogeneous spatial distribution of motors would be expected if actin networks can either "crawl" or contract as independent volume elements anywhere in the growth cone lamella.
The maximum wave velocity generated by any of the translocation mechanisms suggested above would be limited by the rate of actin polymerization and subsequent network assembly at the leading growth cone edge. Can actin polymerization suport such a process? In a cell-free system, actin polymerization can account for linear polymer growth at '~4 I~m/min which is close to the wave rates we see in living cells (assuming a conservative cytoplasmic G-actin concentration of 1 IxM [25] and on-rates of 12.3-12.9 molecules/s/lxM; reference 8). Thus, a model for lamellar motility that depends on actin polymerization does not appear to conflict with molecular kinetic restraints.
F-Actin and Microtubule Domains
Our results also demonstrate an essentially complementary distribution between F-actin and microtubule domains in motile growth cones; microtubules reside mostly in the central cytoplasmic domain where they support directed organelle transport, whereas F-actin is primarily localized peripherally in lamellae. CB treatment rapidly alters this typical actin/microtubule spatial distribution suggesting that dynamic interactions exist between the contractile microfilament system and microtubules in growth cones. Such interactions between microfilament and microtubule systems have been implicated by previous biochemical studies (42) .
What causes microtubule extension in the presence of CB; i.e., in the absence of F-actin networks? Under control conditions, F-actin and microtubule domains in growth cones overlap slightly in the transition zone (Figs. 2 and 9 a) ; however, microtubules are excluded from the dense actin matrix found in lamellae. After prolonged CB treatment actin networks are totally disrupted and microtubules now extend to the distal growth cone edge and often form complicated looped structures in the neurite ending (cf. Fig. 4 c) . These changes in microtubule distribution after disruption of actin networks by CB raise some basic questions about actinmicrotubule interactions. Is microtubule extension due to relief of physical restraints (steric hindrance) normally imposed by peripheral actin networks on microtubules? The functional pore diameter in the intact lamellar actin matrix may exclude microtubules as it appears to exclude larger organelles. In this case the lamellar actin matrix would in essence create a physical barrier to microtubule elongation. It is interesting to note that the gel exclusion diameter characteristic of fibroblast lamellar domains assayed with fluorescently labeled ficols is 25 nm (32). This exclusion limit corresponds well with the diameter of microtubules and clearly supports the physical exclusion hypothesis suggested above. The exclusion/barrier concept is also consistent with the proposal by Joshi et al. (23) that microtubule elongation in growth cones may be regulated by compressive forces generated between microtubules ends and dense peripheral actin networks. Another possibility is that microtubules are normally restrained in the transition zone by associations with actin filaments mediated by microtubule-associated actinbinding protein(s) (cf. reference 42). CB treatment would shunt and inactivate this form of microtubule regulation as well.
A closely related issue is the molecular mechanism of CBinduced microtubule extension. To clearly understand this process it will be necessary to differentiate between microtubule polymerization and microtubule sliding mechanisms (41) .
Recent evidence suggests that the growth cone's primary role is to provide growing neurites with a guidance system during development (5), taking molecular cues from the environment in order to lead the neurite to the appropriate target site. After target recognition, the highly motile growth cones are transformed into stable endings capable of stimulus evoked neurosecretion. What cytoskeletal rearrangements are necessary to orchestrate these changes? We have shown here that extension of microtubules occurs spontaneously in growth cones after disruption of actin networks. A distal shift in organelle transport during growth cone-nerve terminal maturation must necessarily occur to accommodate delivery of secretory granules or synaptic vesicles to a destination near active release sites. Our results show that disruption of actin polymerization and networks in growth cones results in such a shift in organelle transport. Thus, mechanisms by which neurons exert control over growth cone motility may also play an important role in neuronal differentiation.
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